Introduction
Carbohydrates function as a predominant source of energy and as key structural components for the living cell. They also play critical roles as signaling markers and recognition signatures [1, 2] . Proteins, lipids, and small metabolites are often modified by the attachment of a carbohydrate moiety to form glycoconjugates via glycosylation -an important post-translational modification [3] . Glycoconjugates play myriad roles in eukaryotic cells such as growth, cell-cell adhesion, and differentiation [4] . Whereas in prokaryotes, in addition to structural roles such as cell wall biosynthesis, glycosylation of lipopolysaccharides contributes to pathogenicity of the bacteria. Moreover, several secondary metabolites and antibiotics of therapeutic importance like calicheamicin, amphotericin etc. are glycosylated to impart solubility, specificity, and bioactivity [5] .
Glycans are branched, more complex and structurally diverse compared to other biomolecules [6] . This complexity results from the sequence, composition, and bonding pattern of monosaccharides. Interestingly, such diversity in the glycan sequence is not encoded directly by the genome, but is assembled through a distinctive route called the glycosylation pathway [7] . Four classes of enzymes control glycosylation: anomeric kinases, sugar nucleotidylyltransferases (SNTs), intermediate sugar-modifying enzymes (epimerase, deoxygenase, transaminases), and glycosyl transferases (GTs). Minor alterations of the glycosyl components of glycoconjugates have a profound impact on their bioactivity. Hence, there have been several biosynthetic/engineering attempts to alter glycosylation patterns. This process of replacing natural glycosyl constituents (and parts thereof) with diverse sugar arrays, in order to improve the potency of secondary metabolites is termed 'glycorandomization' or 'glycodiversification' [8] . For this process to be efficient, a detailed mechanistic understanding of enzymes involved in the sugar biosynthetic machinery is imperative.
Sugar nucleotidylyltransferases synthesize sugarnucleotides using a sugar-phosphate and a nucleotide as their substrates. The sugar thus activated in the form of sugar-nucleotide acts as a precursor for glycosylation. Subsequently, a GT catalyzes the transfer of a sugar moiety from sugar-nucleotides to various substrates, giving rise to glycoconjugates. In summary, SNTs are central to the biosynthesis of sugar-nucleotides, which are important components of various metabolic pathways. It was suspected that many enzymes in the glycosylation pathway are promiscuous i.e. exhibit relaxed substrate specificity and accept a number of noncanonical substrates. Indeed, sugar-kinases, GTs and several SNTs were later reported to be promiscuous [9] . The inherent substrate promiscuity observed in these enzymes may be exploited for in vitro glycorandomization. A promiscuous GT would accept a range of activated sugars and transfer it to an acceptor substrate producing a glycorandomized library. However, this process is limited by the absence of a universal nucleotidylyltransferase enzyme, which can combine a wide array of sugars with nucleotides to generate a library of sugar-nucleotides. Our focus here is the characterization of SNTs and probing their substrate promiscuity.
GlmU -N-acetylglucosamine 1-P uridyltransferase is a bifunctional enzyme that possesses two domains to catalyze an acetyltransfer and uridyltransfer reactions; the latter being the sugar nucleotidylyltransferase that synthesizes UDP-GlcNAc [10] . We previously determined the substrate-bound crystal structure of GlmU from Mycobacterium tuberculosis that elucidated both acetyltransferase and uridyltransferase reaction mechanisms [11, 12] . These studies, for the first time, established a two-metal ion catalytic mechanism for GlmU and delineated the role of the two metal ions in uridyltransfer reaction. Crystal structures of GlmU bound to Mg 2+ ions led to the identification of two important motifs that stabilize only one of the metal ions, Mg since it is stabilized by the bound nucleotide alone. We performed structural and bioinformatics analysis of the then available 45 structures of various SNTs to assess the conservation of the two motifs. Five different variants of 'Mg 2þ A -stabilizing motifs' were identified in this set of SNTs, based on which we categorized them into two broad groups and subdivided them into five subgroups [12] .
In this study, we probed promiscuity in each subgroup and investigated its prevalence across the family of SNTs. Most SNTs, thus far reported to be promiscuous, possessed 'Mg 2þ A -stabilizing motifs' characteristic of group IC. This led us to probe if promiscuity is an attribute restricted to group IC. For this, we evaluated substrate acceptability by a representative SNT from each of the five subgroups. We find that members of groups IA and IIB exhibit moderate substrate promiscuity, while those from group IC are unusually promiscuous. Commercially, SNTs are utilized for glycorandomization [13] . This aspect is significant, since promiscuous SNTs find wide use in such applications. The promiscuity-profiling analysis presented here led to the identification of four highly promiscuous, thermophilic SNTs. Further, we demonstrate the synthesis of multiple sugar-nucleotides in a single reaction i.e. one-pot synthesis of an array of sugar-nucleotides, which can be employed for efficient glycorandomization. Besides promiscuity studies, the kinetic analysis of these enzymes presented here, enhances our understanding of substrate promiscuity in this important class of enzymes.
Results and Discussion
Sugar nucleotidylyltransferases (SNTs) constitute a large family of enzymes that play important metabolic roles. Previously, we classified SNTs into two major groups: Group I -employing 'two-metal catalysis' and using Mg and instead a conserved Lysine residue would substitute its role (CaUAP1) (Fig. 1B) [12] . Given the wide applications promiscuous SNTs find, here we investigate substrate promiscuity across the family of SNTs. For this, we chose a putative, uncharacterized representative from the five subgroups of SNTs, as shown in Table 1 . These proteins were overexpressed and purified to homogeneity and subjected to kinetic and promiscuity analysis (see Experimental procedures).
Determinations of kinetic parameters
All SNTs catalyze a common reaction, i.e. transferring nucleoside monophosphate (from nucleoside triphosphate [NTP]) to a sugar-phosphate to produce a nucleoside diphosphate-sugar (NDP-sugar). However, they exhibit different preferences for different sugars and nucleotides. To understand this phenomenon thoroughly, we determined the kinetic parameters for the representative SNTs mentioned above. Along with GlmU (representative of group IA) and CaUAP1 (group IIA), putative SNTs -NG GT belonging to group IC and TT EC belonging to group IIB, respectively, were cloned and purified. The representative from group IB -a 3-deoxy-manno-octulosonate cytidylyltransferase from Helicobacter pylori, could not be purified hence this enzyme was excluded from further analysis. In these, the nomenclature adopted reflects the organism from which the SNT was chosen and the substrates it utilizes; for example in NG GT , NG implies the source Neisseria gonorrhoeae and GT in superscript implies the substrates Glucose-1-phosphate (Glc-1-P); Thymidine triphosphate. Similarly, in TT EC , TT represents the source Thermus thermophilus and EC in superscript indicates the substrates 2-C-methyl-D-Erythritol-4-phosphate and Cytidine triphosphate that it utilizes.
Evaluating the Michaelis constants (K m ) and turnover number (k cat ) for each enzyme may aid in determining their utility for industrial applications. Therefore, the K m and k cat values for these enzymes were determined with nucleotide as well as sugar substrates; these are summarized in Table 2 and the representative plots for four SNTs belonging to different groups are shown in Fig. 2 ), while the K m values indicate that they bind UTP with similar affinities (231.6 AE 39.7 lM and 291.4 AE 48.8 lM, respectively). Upon comparing the affinity of N-acetylglucosamine-1-phosphate (GlcNAc-1-P) for GlmU (106.75 AE 7 lM -determined in our previous work [10] ) and CaUAP (11.7 AE 1.9 lM), we realized that CAUAP1 K m is 10 times better compared to GlmU ( (PH MG ). Of these, PH GT , a thymidylyltransferase from Pyrococcus horikoshii, was found to be a highly efficient enzyme. If it also exhibits wide substrate promiscuity, it could be a good candidate for commercial glycorandomization. With this objective, we evaluated substrate promiscuity in these enzymes.
Sugar nucleotidylyltransferases
Many proteins and secondary metabolites are modified by the attachment of a variety of sugar moieties via GTs which use sugar-nucleotides as substrates. The repertoire of sugar-nucleotides utilized by these enzymes are synthesized by SNTs. Different SNTs exclusively combine a specific sugar moiety with a specific nucleotide to form NDP-sugar. Interestingly, there exists a group of SNTs that exhibit diversity in Table 1 . Selection of SNTs for experimental studies. Representatives from each subgroups were selected cloned, purified, and subjected to catalytic and substrate specificity studies. Diversity in sources from which these were cloned is evident. Mg 2þ A -stabilizing motifs for each subgroup is shown [12] . 
Group Gene Organism
The nomenclature adopted reflects the organism from which the SNT was chosen and the substrates it utilizes; For example in NGGT, NG implies the source N. gonorrhoeae and GT in superscript implies the substrates Glucose-1-phosphate; Thymidine triphosphate. a K m value of GlmU is borrowed from our previous study [10] .
substrate selection i.e. some SNTs are promiscuous for substrate utilization, while some are very specific. Several SNTs from different sources have been evaluated for promiscuity, which comprise uridylyl-, thymidylyl-, and guanylyltransferases [15] [16] [17] [18] [19] . Table 3 lists the SNTs examined for promiscuity with emphasis on source and the degree of promiscuity. Intriguingly, we find that all the enzymes reported with unusually high promiscuity belong to group IC (possess motifs-GDX and DXG). Further, most SNTs from thermophilic sources are highly promiscuous, while SNTs from mesophiles exhibit limited substrate acceptance; the latter have been improved by enzyme engineering in a few cases [20] [21] [22] . Initially, it was suggested that archaeal enzymes could be the source of inherently promiscuous enzymes [17] . Subsequently, enzymes from a thermophilic bacteria Thermus caldophilus were also found to be promiscuous [19] . In these, while thymidylyl-, guanylyl-, uridylyltransferases were thoroughly characterized, adenylyl-and cytidylyltransferases have not been evaluated for promiscuity. Considering all of these, we attempted to address the following: (a) Is promiscuity a property limited to group IC? (b) Does the source, i.e. archaeal vs bacterial; or thermostability, i.e. mesophilic vs thermophilic origin, influence promiscuity? (c) Do adenylyl-and cytidylyltransferases too, exhibit substrate promiscuity?
Evaluation of promiscuity in SNTs
Most studies concerning identification or engineering promiscuity are restricted to the analysis of a single SNT from particular source (Table 3) . Here, we probed this phenomenon employing eight different enzymes from sources ranging from archaeal, bacterial, and eukaryotic SNTs (Table 1 ). This selection includes putative SNTs from diverse sources that are still uncharacterized. In addition, for group IC, a single representative from each subgroup -adenylyl-, guanylyl-, uridylyl, and thymidylyltransferase were included. Furthermore, thymidylyltransferases from both mesophilic and thermophilic sources were chosen to understand the dependence of promiscuity on source. In all of these, the prevalence of promiscuity was evaluated. The utilization of different sugars and nucleotides is assayed through individual reactions, and quantified using the amount of pyrophosphate released which in turn corresponds to amount of product formed.
Group IA
GlmU from M. tuberculosis was selected as the representative enzyme of this group. Previously, Escherichia coli GlmU was employed to generate a library composed of UDP-GlcNAc/UDP-GalNAc and their analogs with yields in milligrams [23, 24] . As shown in Fig. 3A ,B, in addition to the natural substrate GlcNAc-1-P, GlmU can utilize Glc-1-P very efficiently and mannose-1-phosphate (Man-1-P) to some extent. It accepts all the pyrimidine-nucleotides (UTP, dTTP, CTP) but has poor tolerance for bulkier purine nucleotides. Considering the low efficiency and limited substrate acceptability of GlmU, it is not the ideal candidate to be employed for preparative scale biosynthesis. 
Group IIA
A uridyltransferase from Candida albicans (CaUAP1) was chosen as a representative enzyme for group IIA. Unlike GlmU, the substrate acceptance of CaUAP1 is further limited. It does not accept Man-1-P and is highly specific for nucleotide substrate UTP, as it does not utilize even dTTP and CTP (Fig. 3C,D) .
Group IIB
For Group IIB, the representative SNT is 2-C-methyl-D-erythritol-4-phosphate cytidylyltransferase from T. thermophilus (TT   EC   ) . Although, the enzyme did not exhibit promiscuity for sugar substrate, it did utilize ATP and UTP along with CTP (Fig. 3E,F) . This was an encouraging finding as it is the first cytidylyltransferase reported to use a purine nucleotide as substrate.
Overall, when promiscuity in the above subgroups was examined, we found that they are not highly specific and can utilize multiple substrates. These studies also indicate that promiscuity is not limited to group IC, whose analysis is detailed below.
Examining thermostability of SNTs
To evaluate promiscuity in group IC, we chose five different members from this group. Of these, four were from thermophilic organisms and one was from N. gonorrhoeae -a mesophilic bacterium. Of these four, two are from archaea and two from bacteria ( Table 1) . The thymidylyl and guanylyl transferases are from P. horikoshii which is an archaeon; and adenylyl and uridylyl transferases are from thermophilic bacteria, Thermotoga maritima and Streptococcus thermophilus, respectively. Besides these, the group IIB enzyme used here, i.e. TT EC is also from a thermophile. Thermostability is a desirable characteristic for enzymes employed in the chemo-enzymatic synthesis of sugar-nucleotide libraries. An ideal catalyst should be robust and stable for an extended time-period to enable complete conversion of all the supplied substrates. Therefore, next we probed the temperature optima of the four thermophilic SNTs from group IC. Thermophilic SNTs are subjected to circular dichroism studies (Fig. 4A) to show that SNTs are native and well folded. Next, the temperature dependence of the enzymatic activity for these thermophilic SNTs was analyzed between 20°C and 100°C (Fig. 4B) . All thermophilic enzymes exhibit highest activity around 65°C; however, the behavior varies beyond 75°C. While SNTs from archaeal sources maintain high activity up to 95°C, bacterial thermophilic SNTs start to lose activity beyond 75°C and their activities are completely abrogated at 95°C. This is in line with the view that archaea are true thermophiles. Similarly, ST GUthe uridylyltransferase from the moderate thermophile, St. thermophilus, rapidly loses activity beyond 65°C and is largely inactive at 75°C (Fig. 4B) . Glc-1-P Thymidylyl transferase
Escherichia coli
Glc-1-P dTTP, UTP GDN/DTG [32] Glc-1-P Thymidylyl transferase
Streptococcus pneumoniae
Glc-1-P dTTP, UTP GDN/DTG [22] Glc-1-P Thymidylyl transferase
Pyrococcus furioses
Glc-1-P, Man-1-P, Gal-1-P, Fuc-1-P, GlcN-1-P, GlcNAc-1-P dTTP, UTP GDT/DIG [17] Glc-1-P Uridylyl transferase
Thermus caldophilus Glc-1-P, Man-1-P, Gal-1-P, Xyl-1-P, GlcNAc-1-P dTTP, ATP, GTP, CTP, UTP GDN/DTG [19] Glc-1-P Thymidyly ltransferase
Sulpholobus tokodaii
Glc-1-P, GlcNAc-1-P dTTP, dATP, dGTP, dCTP, UTP GDN/DTG [18] Man-1-P Guanylyl transferase
Pyrococcus furioses
Glc-1-P, Man-1-P, Gal-1-P, Xyl-1-P, GlcN-1-P, GlcNAc-1-P dTTP, ATP, GTP, CTP, UTP SDH/DLG [25] Discovery of highly promiscuous SNTs in group IC
To understand the effect of temperature on promiscuity, we conducted substrate utilization assays at both 37°C and 70°C, because all the enzymes included here were from thermophilic source. We began with PH GT which was an uncharacterized enzyme. Based on conserved profiles and patterns, InterPro had classified it as a putative thymidylyltransferase. However, our experiments suggest that PH GT utilizes UTP more efficiently (set to 100% both at 37°C and 70°C) than dTTP (~20%; compare activity for dTTP and UTP, Fig. 5A ). Therefore, the natural substrate of PH GT should be UTP and hence it must be classified as a uridylyltransferase and referred as PH GU ; however to avoid confusion, we continue to call it PH GT . Besides dTTP, PH GT also utilizes GTP and CTP, but not ATP (Fig. 5A) . dTTP is a deoxyribose-containing nucleotide; and hence we examined the utilization of other dNTPs and find that PH GT accepts deoxyribose nucleotides more efficiently than their counterparts (Fig. 6C,D) . This indicates a clear preference of PH GT for deoxyribose nucleotides over ribose-containing nucleotides.
We then examined substrate promiscuity of PH GT toward various sugars keeping UTP as an acceptor substrate. As shown in Fig. 5B , at 37°C, PH GT can only utilize Glc-1-P (percent activity -100%) and the utilization of glucosamine-1-phosphate (GlcN-1-P) is only~10%. However, at 70°C, in comparison to Glc-1-P, the acceptance of GlcN-1-P is remarkably increased to~70%. Perhaps, at higher temperature the active site loops and side chains of residues are more flexible and can hence accommodate a bulkier sugar (e.g. Glc-1-P vs GlcN-1-P) due to 'induced fit'.
Next, we investigated substrate promiscuity in TM GA -Glc-1-P adenylyltransferase. Similarly, it utilizes ATP, its natural substrate more effectively promiscuity assay. The representative from group 1-B -a 3-deoxy-manno-octulosonate cytidylyltransferase from Helicobacter pylori, could not be purified; hence, this enzyme could not be evaluated. The activity was determined in the presence of a range of sugars (Glc-1-P, Man-1-P, Gal-1-P, galactose-1-phosphate; GlcN1P and GlcNAc1P in A, C, and E) and nucleotides (UTP and dTTP, ATP, GTP, CTP, in B, D, and F). These were carried out in presence of an excess amount of the natural substrate -sugar or nucleotide indicated by S or N, in the inset. Percent Product formed is shown, considering the amount of product formed with the natural substrate as 100%. The error bars represent standard deviation determined from three (n = 3) independent experiments.
(100%) than GTP (~50%) and CTP (~40%). The utilization of UTP, however, is only 10% (Fig. 5C) . Surprisingly, it showed utilization of four (of the six that were tested) sugars. Besides its natural substrate Glc-1-P, at 70°C, it can use Man-1-P and GlcN-1-P. It also uses GlcNAc-1-P, albeit weakly (Fig. 5D) . This is the first study that demonstrates the utilization of multiple sugars and nucleotides by an adenylyltransferase. GTs mostly use dTTP or UTP-activated sugars and hence most efforts in search of promiscuous enzymes targeted thymidylyl-and guanylyltransferases [9, 21] . Our work suggests that TM GA is an important addition to the set of promiscuous SNTs with a unique ability to activate wide array of sugar substrates in combination with all four nucleotides, even though percent utilization may vary.
The assays on the uridylyltransferase, ST GU revealed moderate utilization of all noncanonical nucleotides (Fig. 5E) , whereas it utilizes the four sugars equally well (Fig. 5F ). Intriguingly, promiscuity in ST GU was greater at 37°C. PH MG is a guanylyltransferase involved in the biosynthesis of GDP-mannose. A similar guanylyltransferase from Pyrococcus furiosus was earlier reported to exhibit high promiscuity, for both sugar as well as nucleotide substrates. [25] . PH MG too, showed utilization of all nucleotides (Fig. 5G) and three of the sugars (Fig. 5H ) with enhanced promiscuity at 70°C.
In summary, this analysis led to the identification of four highly promiscuous thermophilic SNTs. Unlike previous studies that were limited to the investigation of individual SNTs from different sources, this is a family-wide investigation. Interesting to note here is, all the four selected enzymes from group IC exhibit diverse substrate acceptance. This observation, in addition to various promiscuous enzymes reported earlier from group IC (Table 3) indicates that promiscuity is widespread in group IC.
The understanding of glycoconjugates at molecular level has led to carbohydrate-based therapeutics for some conditions [26, 27] . Still, difficulty in modifying glycan sequences and limited synthetic accessibility of novel glycoforms restricts their application for emerging needs such as these. A vast number of reports suggest that downstream GTs are promiscuous for a number of NDP-sugar donors [9] . While this sets the stage for enzymatic glycodiversification via GTs, the efforts are inadequate due to limited diversity in sugar-nucleotides that GTs would utilize. A library of diverse array of sugar-nucleotides is therefore the need of the day. These four newly characterized SNTs can be potential biocatalysts for the synthesis of a sugar-nucleotide library for such downstream applications.
The influence of source (thermophilic vs mesophilic) on substrate promiscuity
It appears that SNTs from thermophilic sources possess innate substrate promiscuity, whereas those from mesophilic sources show a relatively poor acceptance. This view stems from a scrutiny of the existing literature on SNTs from thermophilic and mesophilic species. For example, RmlA from Salmonella enterica, a mesophile, is one of the most thoroughly characterized SNT; it exhibits limited substrate tolerance (and this was later improved by enzyme engineering), whereas RmlA from an acidothermophilic archeon, Sulfolobus tokodaii showed high promiscuity [18, 28] . Similarly, a guanylyltransferase from Sa. enterica specifically produced GDP-mannose but a homolog characterized from P. furiosus was reported to be highly promiscuous [16, 25] . Likewise, a uridylyltransferase from E. coli has limited substrate acceptance whereas the same enzyme characterized from a thermophilic source, P. furiosus, exhibits wide sugar and nucleotide promiscuity [17, 29] . This prompted us to further investigate this attribute in other SNTs. We evaluated NG GT -a glucose-1-P thymidylyltransferase from a mesophilic source, N. gonorrhoeae for its promiscuity. Interestingly, although NG GT belongs to group IC, it showed minimal tolerance for sugars other than its natural substrate (Glc-1-P) (Fig. 6A ). It appears that the thermophilic enzymes that we analyzed were more promiscuous, giving rise to the view that substrate tolerance is widespread among thermophilic SNTs.
The suitability of PH GT for industrial application
So far, we see that PH GT has the best catalytic efficiency and good promiscuity (Table 2 and Fig. 5A,B) . In order to qualify as a competent reagent for enzymatic glycorandomization in the industrial production of activated sugar-nucleotides, it is essential to discern the catalytic efficiency of PH GT with unnatural substrates. GT exhibits six times better catalytic efficiency for UTP over dTTP (Table 4) . The turnover numbers with other noncanonical nucleotides are similar to that with natural substrate dTTP indicating excellent nucleotide promiscuity of PH GT . Furthermore, we observe that for all the substrates tested, k cat value is~five times greater at 70°C compared to the corresponding k cat values at 37°C ( Table 4) . PH GT was also found to be stable for weeks at 4°C which suggested that the enzyme is suitable for industrial applications. In addition, we observed only a marginal loss in activity even after 2 months of storage as 50% glycerol stocks. In comparison, RmlA previously reported for application in synthesis of sugarnucleotides, suffers from poor turnover (3.5 units) with non-natural substrates. Hence, efficient synthesis of NDP-sugar library requires high concentration of the enzyme to override poor substrate acceptance [15] . On the contrary, PH GT can accept unusually broad range of nucleotides with higher turnover rates (~500 fold) compared to that of RmlA.
In summary, in PH GT we have found a candidate enzyme that (a) accepts wide range of substrates without the need for active site re-engineering, (b) forms NDP-sugar products with higher turnover rates, (c) can be used at higher temperatures for industrial applications, and (d) can be stored and used for long periods without significant loss of activity.
Exploring product formation in a 'one-pot multisubstrate' reaction For the substrate promiscuity studies discussed above, we had so far set up individual reactions in which the enzyme is provided with one type of sugar and one type of nucleotide. However, to be useful for commercial applications, the enzyme should be able to produce all possible combinations of sugar-nucleotides when supplied with a mixture of different sugars and nucleotides in a single reaction. Since, an array of sugar-nucleotides would be synthesized in a single reaction, it would be difficult to detect and quantify each product (sugar-nucleotide) using assays that quantify the released (pyro)phosphate. Therefore, we employed HPLC analysis for separation and quantification of the products, for each of the identified promiscuous SNT. The ion-pair HPLC protocol employed here was modified from the method described by Kochanowski et al. [30] . We first determined retention times for individual standards of all four nucleotides and two sugar-nucleotides. Subsequently, we injected a mixture of these nucleotides and sugars; and this method was able to resolve them into individual constituents (Fig. 7A) . The appearance of injectants at different retention times highlights the separation potential of this method, which may also be useful for obtaining purified NDP-sugars in a preparative scale biosynthesis. Moreover, this enables the simultaneous monitoring of nucleotide utilization and formation of products in a single run.
In a one-pot reaction catalyzed by PH GT , when ATP, GTP, CTP, and UTP were supplied along with Glc-1-P as the acceptor sugar substrate, a decrease in peak area for UTP, GTP, and CTP is indicative of their utilization; the concomitant appearance of three new peaks indicates the formation of the corresponding products, i.e. UDP-Glc, GDP-Glc, and CDP-Glc (Fig. 7C) . In contrast, this method cannot detect the sugar substrates used in these assays. This is because sugars do not have a characteristic absorbance in the UV/Vis spectrum. However, their utilization can be monitored when the sugar is converted to a sugarnucleotide. While this is possible when a single sugar is supplied, in a sugar promiscuity assay when more than one sugar is supplied discerning the identity of the individual peaks is difficult. When this method was employed to gauge sugar promiscuity, where four different sugars -Glc-1-P, GlcN-1-P, GlcNAc-1-P and Man-1-P -were supplied together with UTP, it appears that PH GT could only utilize two of the four sugars (peaks marked a and b, Fig. 7D ), whereas TM GA could utilize all the four sugars (peaks marked a, b, c, and d, Fig. 7F ). Interestingly, TM GA showed excellent substrate utilization of all four nucleotides as well (Fig. 7E) . In Fig. 7C , complete disappearance of nucleotide peaks and simultaneous appearance of four new peaks corresponding to the four products formed, i.e. ADP-Glc, GDP-Glc, CDP-Glc, and UDP-Glc, may be noticed. This testifies TM GA as an excellent candidate for promiscuity-based applications due to its efficiency in catalyzing multisubstrate reactions simultaneously. Next, we examined ST GU and PH MG . While ST GU utilized only ATP in addition to UTP and two sugars, PH MG demonstrated high specificity for GTP alone, along with three sugars to give GDP-sugars (Fig. 8) . This is in contrast to the promiscuity they exhibited when assayed individually (Fig. 5E-H) , where they could utilize several substrates. However, when all the substrates are provided in a single reaction, there appears a clear preference for their natural substrates. PH MG is a purine nucleotide transferase, which is also expected to accommodate small-ring pyrimidines; however, it utilizes solely GTP in multisubstrate assay format. Interestingly, PH MG does utilize pyrimidine-nucleotides in case of individual reaction assays (Fig 5G) . It is likely that PH MG may have a high affinity for its natural substrate, GTP which makes the active site inaccessible for the competing non-natural nucleotides in multisubstrate assay. On the other hand, TM GA is also a purine nucleotide transferase, which accommodates other pyrimidinenucleotides as substrates. Therefore, TM GA , but not PH MG , is suitable to be employed under multisubstrate format for industrial use. PH GT and ST GU represent two interesting cases that both use a pyrimidine as a natural substrate. While PH GT accommodates GTP (purine) but not ATP, ST GU specifically accepts ATP but not GTP. Understanding this unusual specificity/promiscuity warrants the determination of 3D-structures of these enzymes.
A range of sugars are used to generate a huge variety of oligosaccharides central to molecular recognition, especially among prokaryotes. An understanding of the biological process that gives rise to this structural diversity mandates extensive mechanistic understanding of the enzymes involved. SNT is one such family of enzymes relevant in this context. Extensive kinetic and promiscuity analysis of this family presented here, allows identification of inherently promiscuous SNTs. Another interesting correlation brought out here, is between substrate promiscuity and thermostability of SNTs. Furthermore, for the first time, a group of SNTs with wide substrate promiscuity and stability coupled with high activity have been identified; and these would find immense application to industrial glycorandomization processes, which utilizes SNTs and GTs in tandem. While highly promiscuous GTs have been characterized, the same is not true of SNTs and this work addresses that gap. Currently, generation of a library of NDP-sugar relies on a complex cocktail of SNTs and its mutants. We here propose that a combination of native PH GT and TM GA enzymes, in principle, can achieve the same objective with greater efficiency in a one-pot reaction. However, a detailed structural analysis of these enzymes is necessary to elucidate characteristic features responsible for their remarkable catalytic properties, including their promiscuity.
Experimental procedures

Chemicals and reagents
Restriction/modification enzymes were obtained from New England BioLabs, Ipswich, MA, USA. Cloning and expression vectors pENTR/Directional-TOPO Cloning Kit (Invitrogen, Carlsbad, CA, USA), pQE2, pET28a, were purchased from the respective sources. Oligonucleotide primers, analytical-grade chemicals, all nucleotides and sugar-1-phosphates were purchased from Sigma-Aldrich, St Louis, MO, USA. Biomol green phosphate assay kit was obtained from Enzo Life Sciences, Lausen, Switzerland.
Cloning expression and purification of SNT
The objective here was to evaluate one representative SNT from each subgroup. Putative uncharacterized representatives were chosen from different sources. The summary of selection of enzymes for this study and the nomenclature is shown in Table 1 . The genes coding for the various SNTs were PCR amplified from the respective genomic DNA using appropriate primers. The amplicons thus obtained were cloned into pENTR/Directional-TOPO vector followed by digestion and subsequently cloned into corresponding sites in the expression vectors (either pQE2 or pET28a). Nucleotide sequences of all the clones generated were verified by DNA sequencing.
Protein expression was carried out in E. coli DH5a or Bl21 (DE3) cells from 2 L of growth medium. The pellet was resuspended in 50 mM Tris-HCl (pH 7.5), 300 mM NaCl, 1 mM protease inhibitor mixture (Sigma-Aldrich), 1 mM DTT, 0.1% Triton X-100, and 5% glycerol. Cells were lysed by sonication. Thermophilic enzymes were found to be mostly insoluble in the buffers employed for purification of GlmU and CaUAP1. Changing the vector system could not improve the solubility; hence, a detergent screen was set up to identify the most suitable additive for improving solubility. While most detergents could not improve solubility, only sarkosyl did. The lysate is supplemented with 1% final concentration of sarkosyl and incubated for 2 h at room temperature. It is followed by addition of 20 mM CHAPS and 2% Triton X-100. The lysate was clarified by centrifugation at 25 000 g for 90 min, and was loaded onto a nickel-nitrilotriacetic acid column (GE Life Sciences, Uppsala, Sweden). The column was washed with 10 column volumes of wash buffer containing 20 mM Tris-HCl (pH 7.5), 500 mM NaCl, 1 mM DTT, and 25 mM imidazole. For eluting the protein, an imidazole gradient of 20 column volumes (0-0.5 M) was used. The purified protein was then subjected to gel filtration chromatography (Superdex 200; GE life Sciences) in the same buffer. The monomer fractions of the proteins were collected and stored at À80°C after snap-freezing in liquid N 2 . In order to evaluate for proper protein folding and denaturation due to the harsh environment owing to the presence of sarkosyl, all the proteins purified were subjected to circular dichroism analysis. As can be seen in Fig. 4A , the enzymes are in their native state. The representative from group 1-B, HPOC -a 3-deoxy-manno- octulosonate cytidylyltransferase from H. pylori, could not be purified even with addition of sarkosyl, and hence this enzyme was excluded from further analysis.
Circular dichroism analysis of SNTs
For these experiments, CD spectra were recorded at 22°C on a Jasco J-715 spectro-polarimeter (Jasco, Mary's Court Easton, MD, USA). Protein samples were filtered through a 0.2 lm filter (Millipore, Watford, UK) prior to use. Scans were taken at a bandwidth 1.5 nm, response time 2s, data pitch 0.2 nm, and scanning speed of 50 nmÁmin À1 from 250 to 200 nm in a quartz cuvette of path length 1 mm. Spectra were averaged over 10 scans.
Determining the kinetic parameters (K m and k cat ) for nucleotidylyltransferase activity
In order to determine the kinetic parameters for various SNTs toward nucleotide substrate, the nucleotide was (ATP, GTP, CTP, UTP, dTTP) varied keeping the natural sugar substrate at a saturating concentration of 2 mM. Similarly, To determine K m for Sugar-1-P, sugar was (Glc-NAc-1-P and Glc-1-P) varied keeping the natural nucleotide substrate (UTP) at a saturating concentration of 2 mM Kinetic constants were determined in 10 lL reaction volume containing 25 mM Tris-HCl buffer (pH 7.6), 1 mM DTT, 5 mM MgCl 2 , 0.04 units thermostable inorganic pyrophosphatase (TIPP). Around ten different concentrations of nucleotides in the range of 1/4 K m to 4 K m were assayed in triplicate. Product formation was confirmed to be linear over twice the incubation time for each SNT. Each reaction was performed for 20 min at 37°C or 10 min at 70°C. The reaction was terminated by addition of biomol reagent. k cat of the enzyme was defined as lM of product formedÁmin À1 ÁlM À1 of enzyme. Activities were corrected for time and enzyme concentrations and kinetic curves were fit to Michaelis-Menten equation V = VA/ K + A. GRAPHPAD PRISM software (GraphPad Software, La Jolla, CA, USA) was used for nonlinear regression analysis for estimating the K m and k cat values.
Nucleotidylyltransferase assays to evaluate promiscuity
Nucleotidylyltransferase assays were performed in 10 lL reaction volume containing 25 mM Tris-HCl buffer (pH 7.6), 1 mM DTT, 2 mM different sugars (For evaluating sugar promiscuity) and 2 mM nucleotides (For evaluating nucleotide promiscuity), 5 mM 
Ion-pair HPLC analysis
The 'one-pot multi-substrate' assay was set up with 50 lL reaction volume containing 25 mM Tris-HCl buffer (pH 7.6), 1 mM DTT, 5 mM MgCl 2 , 1 mM each of sugar (For evaluating sugar promiscuity) and 500 lM each of nucleotides (For evaluating nucleotide promiscuity) . Addition of TIPP was observed to drive the reaction to completion; hence, 0.04 units were added to reaction mix (Fig. 7B ). Analyses were carried out on a Biologic DuoFlow HPLC system (Bio-Rad, Hercules, CA, USA) composed of a lowpressure gradient pump (module 600E), and a UV detector (Waters Lambda-Max 481, Milford, MA, USA). Separation of nucleotides and sugars-nucleotides was performed on Waters XTerra RP18 Column (Waters, Milford, MA, USA) (3.5 lm particle size, 4.6 mm 9 250 mm). Two buffers were used for HPLC analysis. Buffer A was potassium phosphate buffer (Fluka, Fisher Scientific, Leicestershire, UK) 100 mM (adjusted to pH 6) with 20 mM of tetrabutylammonium bisulfate hydrogen sulfate (TBAS) used as pairing reagent. The pH of the final buffer after addition of TBAS is 3. Buffer B was 70% buffer A plus 30% methanol (Merck, Darmstadt, Germany). Buffers were filtered on 0.2-lm filters (Millipore) and degassed before use. The solutions were prepared freshly and stored at 4°C before use. The elution gradient was as follows: 100% buffer A for 5 min, 0-77% buffer B linearly for 27 min, 77% B for 5 min, 0-100% A for 1 min, and 100% A for 10 min. The flow rate was kept at 0.7 mLÁmin
À1
. Substances were detected by UV detector at wavelength 254 nm. The complete analysis of one sample required 47 min. The reaction mixture for each SNT was incubated for 1 h at 70°C.
